Regional species diversity is ultimately explained by speciation, extinction, and dispersal. Here 25 we estimate dispersal and speciation rates in Neotropical rainforest biomes to propose an 26 explanation for the distribution and diversity of extant butterfly species. We focus on the tribe 27 Brassolini (owl butterflies and allies): a Neotropical group that comprises 17 genera and 108 28 species, most of them endemic to rainforest biomes. We infer a total-evidence species tree using 29 the multispecies coalescent framework. By applying biogeographical stochastic mapping, we 30 infer ancestral ranges and estimate rates of dispersal and cladogenesis at the scale of millions of 31 years. We suggest that speciation in Mesoamerica and the northwestern flank of the Andes have 32 only increased within the past 2 million years. In contrast, speciation in the Brazilian Atlantic 33 Forest has been constant throughout the past 10 million years. The disparate species 34 diversification dynamics may be partly explained by the geological and environmental history of 35 each bioregion. Importantly, the dispersal rates into the Atlantic Forest and Mesoamerica plus 36 NW Andes increased simultaneously in the middle-Miocene, suggesting that lineages from such 37 regions have had comparable times for speciation despite their decoupled diversification 38 dynamics. Diversification of extant Amazonian lineages, on the other hand, has episodically 39 increased since the late Miocene, including a rise in speciation rate during the Pleistocene.
Introduction 49
Terrestrial biomes are heterogeneous, and some areas accumulate greater diversity and endemic 50 species than others. An explanation for this biogeographical pattern includes three evolutionary 51 mechanisms: species origination, extinction, and dispersal (Goldberg et al. 2005, Jablonski et al. 8 Molecular dataset 141 Based on protocols in Wahlberg and Wheat (2008) , we Sanger-sequenced fragments of the 142 mitochondrial COI gene (1,475 bp) and the nuclear genes CAD (850 bp), EF1α (1,240 bp), 143 GAPDH (691 bp), RpS5 (617 bp), and wingless (400 bp) (outsourced to Macrogen, Seoul). We 144 obtained genetic data from 81 individuals classified in 57 out of 108 valid species in 15 out of 17 145 Brassolini genera (Penz 2007) . The two missing genera (Aponarope and Mielkella) are 146 monotypic. We retrieved COI sequences available from the BOLD database 147 (http://boldsystems.org) for seven additional species; thus, our molecular dataset consisted of 15 148 genera and 64 species. To root the phylogeny, we included genetic data of 19 outgroup taxa in 149 the subfamily Satyrinae from public data deposited in GenBank. All DNA sequences from this 150 study are in GenBank (accession numbers MK551348-MK551551).
152
Morphological and total-evidence dataset 153 Our morphological dataset included 255 characters (201 from adults and 54 from early stages) 154 for 64 species from all 17 Brassolini genera. The morphological matrix was concatenated from 155 previous studies (Penz 2007 , 2008 , 2009a , b, Garzón-Orduña and Penz 2009 , Penz et al. 2013 156 by eliminating duplicate characters and scoring data for species missing entries. Specimens used 9 We delineated bioregions (sensu Vilhena and Antonelli 2015) using geo-referenced occurrence 163 points of Brassolini identified at the species level, of which 6,378 points came from GBIF 164 (https://gbif.org; retrieved on 21 st January 2019) and 881 points from the ATLANTIC 165 BUTTERFLIES dataset (Santos et al. 2018) . We used the R v3.5.3 (R Core Team 2019) package 166 CoordinateCleaner v2. 0-11 (Zizka et al. 2019 ) for automated cleaning of species occurrences.
167
The software flagged 81 potential errors, such as occurrence records in the ocean, geographic 168 coordinates identical to country centroids, and occurrences in close proximity to biodiversity 169 institutions. We uploaded the 7,174 vetted geo-referenced occurrences to the web application 170 Infomap Bioregions (Edler et al. 2017) at http://bioregions.mapequation.org/. We set the 171 maximum and minimum values for cell sizes to 4 and 2, and for cell capacities to 40 and 4. We To inform the biogeographical and within-area speciation rate analyses, we generated a species-180 level distributional dataset. We surveyed the literature to score species occurrences in the defined 181 bioregions because the geo-referenced dataset did not include all Brassolini species. To 182 investigate dispersal patterns across the South American dry diagonal, we kept this area separate. 183 We used distributional maps and observations, not always with primary geographic coordinates, 184 from taxonomic revisions (Bristow 1981 , 1982 , 1991 , Casagrande 2002 , Furtado and Campos-10 Neto 2004 , Penz 2008 , 2009a , b, Garzón-Orduña and Penz 2009 , Penz et al. 2017 ) and published 186 butterfly inventories in Mesoamerica (DeVries 1983 , 1994 , Janzen and Hallwachs 2009 , Basset 187 et al. 2015 , Amazonia (Pereira Martins et al. 2017 ), Cerrado (Pinheiro and Emery 2006 , Emery 188 et al. 2006 , Silva et al. 2012 , Pereira Martins et al. 2017 , Dickens et al. 2019 , Caatinga (Zacca 189 and Bravo 2012), and Atlantic Forest (Santos et al. 2011 , 2018 , Pérez et al. 2017 , Melo et al. 190 2019 , Soldati et al. 2019 . We call this the presence/absence biogeographical dataset. clock models for all partitions because strict clock models were rejected based on the stepping-201 stone method (Supplementary material Appendix 1). We estimated clock rates relative to the 202 mitochondrial mean clock rate fixed to 1.0, and we used log normal distribution for the relative 203 clock mean priors (M = 0, S = 1). We used the Yule tree model because it received decisive 204 support over the birth-death tree model based on path-sampling steps (Supplementary material 205 Appendix 1). We added the morphological dataset onto the species tree and we conditioned the Amazonia, and 4) Dry diagonal. We did not constrain any a priori dispersal multiplier, nor did 235 we stratify dispersal rates across the phylogeny. To account for ancestral state uncertainty, we We estimated the number of dispersal events and within-area-cladogenesis events by simulating 247 areas on nodes based on the 10,000 pseudoreplicated biogeographic histories (100 BSM × 100 248 posterior species trees). We calculated colonization rates through time as c XtoY (t 1 ) = d XtoY (t 1 ) / 249 L(t 1 ) , where d XtoY (t 1 ) is the number of inferred dispersal events from area X to Y in a 1-million 250 year interval, and L(t 1 ) is the total length of all branches in the 1-million-year interval (Antonelli 251 et al. 2018b). In addition, we calculated the relative number of in situ speciation events through For a second, independent estimate of within-area speciation, we calculated speciation rates for 259 all tips and branches in the MCC species tree using BAMM v2.5.0 (Rabosky 2014). To account 260 for the 25 missing species, we generated clade-specific sampling fractions at the genus level. We 261 used the R package BAMMtools v2.1.6 (Rabosky et al. 2014) to estimate prior values for the 262 evolutionary rate parameters, and we assigned the expected number of shifts to 1.0 as 263 recommended for phylogenies including ~100 species (Rabosky 2014). We ran the analysis for 264 10 million generations, sampling event data every 1,000 generations. After discarding the first 265 20% samples, we checked that the ESS value was higher than 200 and the likelihood estimates 266 reached a stationary distribution.
268
First, we estimated speciation rates within bioregions at present using the function "getTipRates" 269 in BAMMtools. We computed tip-specific mean speciation rates for those species occurring only 270 in one bioregion, i.e., the endemic lineages. Second, we used the function "dtRates" in 271 BAMMtools to compute mean speciation rates along branches in ~1-million year intervals (tau 272 parameter set to 0.05). We assigned the most probable inferred area from the 10,000 BSMs to the 273 points where branches cross time intervals (Igea and Tanentzap 2019). When the most probable 274 area for a node and its parental one were the same, we assumed that the branch connecting both 275 nodes occurred in such an area. When inferred areas for a node and its parental one were 276 14 different, we assumed that the dispersal event occurred stochastically along the branch. We 277 computed mean speciation rates only for nodes that most probably occurred in a single 278 bioregion.
280
All the datasets from this study can be found in TreeBASE (ID 25040) and Dryad (DOI: 281 XXXXX). Dispersal out of Amazonia had the highest rates compared to other bioregions (Fig. 3) .
304
Colonization rate from Amazonia to Mesoamerica showed a sharp increase by ~5 Ma and is 305 currently the highest rate among other dispersal types (Fig. 3A) . Dispersal into Mesoamerica 306 from other bioregions occurred throughout most of the Miocene, and peaked at ~10 Ma 307 (Supplementary material Appendix 1). Dispersal out of Mesoamerica + NW Andes, however, 308 was very low through time, and only since the past ~2 Ma did it exponentially increase toward 309 Amazonia (Fig. 3A) . Dispersal from Amazonia to the dry diagonal increased throughout the 310 Plio-Pleistocene and has since then surpassed dispersal to Atlantic Forest (Fig. 3B & 3C) .
311
Dispersal from the Atlantic Forest into Amazonia was higher at ~10 Ma than from any other 312 region (Fig. 3C) . Nonetheless, dispersal into or out of the Atlantic Forest from/to any other 313 bioregion declined from ~10 to 2 Ma, rendering the Atlantic Forest isolated for most of the late 314 Miocene and Pliocene; only since the Pleistocene ~2 Ma dispersal into and from the dry diagonal 315 has increased until the present (Fig. 3D) . 316 317 Regional speciation through time 318 The relative rates of within-area cladogenesis estimated in BioGeoBEARS and speciation 319 estimated in BAMM were congruent (Fig. 4) . Speciation rates increased through time in all areas 320 except in the dry diagonal, which has had near zero endemic cladogenesis. Diversification began 321 16 earlier in the Atlantic Forest, at ~12 Ma when the cladogenesis rate was slightly above zero (Fig. 322 4A) and speciation rate increased (Fig. 4B) , specifically in the clade comprising Penetes, 323 Orobrassolis and Blepolenis. However, diversification in the Atlantic Forest decreased to Amazonian lineages, both being much higher than in the Atlantic Forest (Fig. 4C) . Here we investigated the role of regional speciation and dispersal to understand the origin of Our approach to disentangle regional speciation from dispersal to understand the origin of 369 within-area species diversity has two strengths. First, we defined bioregions that fit the 370 distribution and composition of Brassolini species by using geo-referenced occurrences, rather 
